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Abstract Gum arabic is an important international commod-
ity produced by trees of Acacia senegal across Sahelian
Africa, but documented results of breeding activities are lim-
ited. The objective of this study was to provide reliable esti-
mates of quantitative genetic parameters in order to shed light
on the breeding potential for improvement of gum yield and
quality. For this purpose, we measured growth on 617 off-
spring from 60 open-pollinated trees after 18 years, and gum
yield and quality based on two seasons, 18 and 19 years after
establishment. Genotyping with eight microsatellite markers
revealed that progenies consisted of both diploid and poly-
ploid trees, and growth, gum yield, and gum quality varied
substantially among ploidy level, populations, and progenies.
Analysis of molecular variance and estimates of outcrossing
rate supported that trees within open-pollinated families of
diploids were half sibs, while the open-pollinated families of
polyploids showed low variation within families. The differ-
ence in sibling relationship observed between ploidy levels
complicated estimation of genetic parameters. However,
based on the diploid trees, we conclude that heritability in
gum arabic production is low to high with presence of high
levels of additive genetic variation, although the genetic
parameters could only be estimated with fairly high standard
error. The findings suggest that improvement through breed-
ing can increase the productivity of A. senegal substantially.
However, the results also stress the importance of testing ploi-
dy levels of selected material and use of genetic markers to
qualify the assumptions in the quantitative genetic analysis.
Keywords Mating system . Senegalia senegal . Breeding .
Genetic parameters . Gum arabic . Growth .Microsatellite
markers
Introduction
Acacia senegal (L.) Willd. is one of the most important tree
species in Africa, and the species distribution area occupies
more than 50 % of the sub-Saharian regions in Africa (Odee
et al. 2012). The species is famous for its gum arabic, a dried
exudate rich in soluble fibers, which emerges from slits made
in the bark of the stems and branches and tapped by the local
populations. It is a multipurpose species that besides gum
arabic provides valuable livestock fodder and fuel wood
(Raddad and Luukkanen 2006a). The species can restore soil
fertility because of its ability to fix N2, which is beneficial for
crop production in the gum arabic agroforestry systems in
drylands of sub-Saharan Africa (Raddad and Luukkanen
2006b). The gum is an international commodity used in food,
pharmaceutical, and cosmetic industries and for a wide range
of other purposes (Fagg and Allison 2004). Between 2003 and
2007, the European Union, which is the largest overseas mar-
ket for gum arabic, imported about 200,000 tons amounting to
close to US$432 million (MNS 2008). Sixty percent of the
world production came from Sudan, while 24 % came from
Chad, 6 % from Nigeria, and 8 % from other minor producing
countries (Couteaudier 2007; Touré 2009). The collection and
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sale of gum arabic can be especially important for rural pop-
ulations as it is produced in the dry season when other income
opportunities are limited and allows families to earn up to
US$150/month during this period (Fagg and Allison 2004).
In Senegal, the species is one of the most economically and
ecologically important native tree species covering the north-
ern and eastern regions of the country. Historically, Senegal
used to be the second largest producer of gum arabic in Africa
after Sudan until the 1960s when severe drought struck the
gum belt in West Africa and an 80 % loss of gum forests was
reported (Wate 1979; Coulibaly 1988). At present, Senegal
supplies only 1 % of the world market. In order to increase
production, it is important to identify high-yielding trees
adapted to the dryland ecosystems for future breeding. To
implement effective breeding strategies, knowledge is needed
of the genetic architecture behind the inheritance of the traits
of interest, but until present, there is only little knowledge on
the genetics of the species.
A. senegal was one of the earliest domesticated species in
tropical drylands, but still only few studies have provided
reliable information on genetic variation in gum yield
(Ouédraogo 2001; Raddad and Luukkanen 2006a, b;
Larwanou et al. 2010; Soloviev et al. 2010). Previous pre-
breeding initiatives have involved establishment of prove-
nance trials across the geographic range of the species in
Senegal, Burkina Faso, Niger, and Sudan in order to test the
variation among provenances. In Africa, it is rare to support
tree breeding with results derived frommolecular data. One of
the few exceptions is the recent study of leaf production of
Adansonia digitata (Korbo et al. 2013), where genetic param-
eters were adjusted to account for likely high selfing rates
based on findings of Larsen (2010). On a global scale, molec-
ular studies have only been integrated in breeding of a few
tropical and sub-tropical tree species such as Acacia mangium
and Acacia auriculiformis (Butcher et al. 1998), Elaeis
guineensis (Wong and Bernando 2008), and Eucalyptus spe-
cies (Grattapaglia et al. 2009; Grattapaglia and Kirst 2008;
Henery et al. 2007). The vast majority of tree breeding activ-
ities are based on standard assumptions regarding mating sys-
tem and Mendelian segregation even though there is increas-
ing evidence from a number of species showing that this may
not always be valid. For A. senegal, it was recently disclosed
that more than one level of ploidy exists within the natural
distribution of the species (Assoumane et al. 2013).
An improvement program for A. senegal has been devel-
oped in Senegal by Centre National de Recherches Forestieres
since 1994 based on selection of superior trees (plus trees) and
establishment of two progeny tests in Dahra and Bambey to
test the offspring from the selected trees. These trials represent
the first breeding cycle, and the aim of the present study was to
estimate the heritability for growth and gum production based
on observations from the field trials, supported by genetic data
based on microsatellite markers of the tested trees.
Previous studies of gum yield and quality in provenance
trials and natural stands have reported large variation within
and among populations in gum yield (Ballal et al. 2005;
Raddad and Luukkanen 2006a, b; Sprent et al. 2010) and
quality (Chikamai and Odera 2002; Lelon et al. 2010). Both
gum yield and quality are complex traits where the biological
variability remains poorly understood, but is likely to involve
influences of both genetics and environment. To our knowl-
edge, there are no published estimates of additive genetic her-
itability for gum production where molecular markers were
applied to support the quantitative genetic analysis. The pres-
ence of different levels of ploidy in A. senegal makes this
study particularly interesting as it has been shown that poly-
ploids are more drought tolerant compared with diploids
(Diallo et al. 2015, unpublished) and because some studies
have indicated that gum production is correlated to the reduc-
tion of water storage in the soil (Vassal and Dione 1993;
Anderson 1995; Wekesa et al. 2009). On this background,
the specific objectives of the present study was first to deter-
mine sibling relationship of the progeny based on microsatel-
lite markers. Secondly, to estimate additive genetic variation
and narrow-sense heritability for gum yield/quality and
growth traits in order to increase understanding of the inheri-
tance of these traits essential for estimation of expected re-
sponses from selection (Falconer and Mackay 1996).
Finally, we will compare and discuss likely importance of
the observed genetic variation within and between diploid
and polyploid families, and the potential for restoring high
gum productivity of the trees in Senegal by artificial selection
and breeding.
Materials and methods
Gum trees derived from open-pollinated seed collected from
60 trees from four natural populations (Diamenar, Ngane,
Daiba, and Kidira) were used in this study. The trees were
established in a progeny test in Dahra (15° 20′ N and 15°
28′ W) in 1994 with randomized complete single tree blocks
with 15 families per provenance replicated 30 times (30
blocks) in a balanced design with 5×5 m spacing.
Phenotypic characters
Eighteen years after planting (in 2012), the following quanti-
tative traits were assessed in all 617 surviving trees in the trial:
tree height, diameter 30 cm above ground, and crown diame-
ter (mean of two perpendicular crown diameter measures).
Gum yield was assessed during two consecutive years
(2012 and 2013) according to the following sampling design:
The gum yield was assessed in 416 random trees (289
diploids and 127 polyploids) targeting 10 trees per family
per provenance. Both levels of ploidy were represented in
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each provenance except for the Diamenar provenance where
all tapped trees were diploids (118 individuals). In the Kidira
and Daiba provenances, 77 diploids versus 14 polyploids and
74 diploids versus 11 polyploids were tapped, respectively,
while the Ngane provenance gum sampling was from 102
polyploid and 20 diploid trees. Incisions were made in the
bark of branches to promote exudation of gum in the end of
November of each year where the progressive loss of foliage
was used as an indicator for the correct timing of tapping. The
incisions were made using a local tool, the Daba. The number
of branches for tapping and the length of the incision varied
among trees reflecting the traditional tapping practice, where
branches having diameter above 3 cm can be tapped by re-
moving 4 cm wide and 30 cm to 1 m long strips of bark to
expose the sapwood. The first gum was collected from the
tapped trees in mid- December. The incisions were refreshed
in beginning of January and thereafter, gum was monthly har-
vested until the exudation stopped (end of April). Gum yield
from each individual was kept separately and weighted indi-
vidually. In total, four harvests were made each season
(2012/2013 and 2013/2014). The sampling was not balanced,
because some families had less than ten living trees.
Color, nitrogen, and carbon contents of gum arabic
Five random families out of the 15 families of each prove-
nance were selected for study of color, nitrogen and carbon
contents of the gum arabic. In each selected family, gum was
collected from four random trees in the progeny trial. Gum
availability varied among the selected trees creating some un-
balance and only 72 gum samples were analyzed because
eight trees in the sampled families did not produce sufficient
gum for testing. Gum color is a quality criterion in some parts
of the confectionary industry, which tend to favor brighter
colors as the color can more easily be changed. Gum surface
color was determined using the Munsell Soil Color Chart
(Gretag Macbetch 1998, New York). The system has three
components: a hue representing a specific color, a value show-
ing the lightness or darkness of the color in question and the
chroma, which represents the strength or the concentration of
the hue in the sample. Therefore, the color of a gum sample
was determined on the basis of these three components ar-
ranged in a book of color chips. The gum samples were held
next to the chips to find a visual match and assign the corre-
sponding Munsell notations. For each gum sample, the hue
value, lightness/darkness value and chroma value were re-
corded. Four different combinations of values were observed
in this study and each sample could therefore be classified into
one of the four different color classes: class 1, 7.5 yellow red
(YR) 5/8=strong brown; class 2, 7.5 YR 6/8=reddish yellow;
class 3, 10 YR 6/8=brownish; and class 4, 10 YR 8/4=very
pale brown.
The nitrogen and carbon contents were analyzed using a
CN Analyzer (CN Soil Analyzer, Thermo Scientific Flash
2000). Following complete combustion of the sample at
950 °C, each compound was converted into elemental gases
and detected by a chromatography column connected to a
highly sensitive thermal conductivity detector. Following the
manufacturer’s protocole, the gumwas ground before analysis
in a disruptor (MM301, Retsch, Haan, Germany) and 9 mg
was weighed in tin capsules (Sercon SC 0009, UK). A refer-
ence material (Picea leaf) with known nitrogen and carbon
content was run initially in order to obtain a standard curve.
DNA analysis
Total genomic DNAwas isolated from all 617 trees present in
the progeny trial. Nine milligrams of dried cambium were
frozen in liquid nitrogen and ground on a bead mill
(MM301, Retsch, Haan, Germany). Extractions were con-
ducted with DNeasy 96 Plant kit, Qiagen, Hilden, Germany,
following the manufacturer’s protocol for dry material. The
DNA solutions were kept undiluted, and the genotyping was
performed using eight polymorphic microsatellites markers
(Cirb10, Cire10, Cirf02, Cirf03, Circ07, Cire06, Cire08, and
Cirh09) developed by Assoumane et al. (2009). The PCR
amplification was done using two primer mixes prepared as
described below: in mix 1, 5 μl of both forward and reverse
primer stock solutions (each of 100 μM) was used for Cirb10
and Cirf03 and 10 μl of Cire10 and Cirf02 and adjusted with
440 μl H2O to a final volume of 500 μl. Mix 2 consisted of a
mixture of 10 μl of both reverse and forward stock primers
(100μM) of Cirh09, Cire08, Circ07, and Cire06 and 420 μl of
RNAse-free water. PCR was carried out using the Qiagen
Multiplex PCR kit according to the manufacturer’s instruc-
tions except that the reaction volume was scaled down to
10 μl. PCR amplifications were conducted in an Applied
Biosystems (Carlsbad, CA, USA) PCR system 2700 and
Bio-Rad C1000 Thermal cycler under the following condi-
tions: initial denaturation of 15 min at 95 °C, 30 cycles of
denaturation at 94 °C for 30 s, annealing at 57 °C for 90 s,
and extension at 72 ° C for 60 s and a final extension step at
60 ° C for 30 min.
Each PCR product was diluted with 160 μl H2O.
Microsatellite fragments were visualized with an Applied
Biosystems ABI3130xL sequencer using GeneScan 500LIZ
as internal standard.
Ploidy level determination
Themicrosatellite markers allowed us to classify all 617 living
individuals in the progeny trial as diploid (max two bands at
any of the genotyped loci) or polyploid (more than two bands
at any of the genotyped loci), but differentiation between trip-
loid and tetraploid individuals was not possible using this
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approach. The remote location of the trial (Senegal) made the
determination of the exact ploidy level of all trees difficult
using flow cytometry which is based on fresh leaves.
Therefore, twigs from a subset of the trees (59) already geno-
typed was collected and put in water until flushing. Fresh
leaves were then analyzed using a Partec PA II flow cytometer
with DAPI as staining solution (Otto 1990).
Histogram of diploid individuals was localized on channel
50 corresponding to one large (2C) and one small (4C) peak;
whereas, tetraploid individuals had their peak on channel 100
and showed one major 4C peak, a small 8C peak, and no 2C
peak. Triploid trees had their histogram in between.
Molecular analysis
As recently discovered in a study comparing the growth of
polyploid and diploid A. senegal, our progeny trial consists of
pure diploid families, pure polyploid families, and mixed fam-
ilies that contain both diploid and polyploid individuals
(Appendix). At provenance level, the highest fraction of dip-
loid individuals was found in Diamenar provenance (98 %)
while the Daiba, Kidira, and Ngane provenances consisted of
90, 86, and 17 % of diploid trees, respectively.
To compare the genetic relationship of all individuals
across provenances and ploidy level, microsatellite markers
were treated as dominant markers and data were coded as
present (1) or absent (0) for each allele at all loci in each
individual. In this scheme, each allele (or band) at a co-
dominant locus is treated as an independent dominant marker
with two states 0 or 1. The converted data were then analyzed
in GenAlex version 6.5 (Peakall and Smouse 2012).
Principal coordinate analysis (PCoA) as implemented in
GenAlex version 6.5 (Peakall and Smouse 2012) was used
to visualize the genetic relationship among all individuals.
Within each provenance, individuals were divided into two
groups according to their ploidy. Therefore, eight groups of
individuals (i.e., Diploid Diamenar, Diploid Daiba, Diploid
Kidira, Diploid Ngane, Polyploid Diamenar, Polyploid
Daiba, Polyploid Kidira, and Polyploid Ngane) were ana-
lyzed. As input file, a pairwise individual-by-individual genet-
ic distance matrix was constructed using the binary data set
described above. The distance between each individual pair
was calculated as described in Huff et al. (1993).
In order to assess the distribution of the variation within
and among families for each provenance, an analysis of mo-
lecular variance (AMOVA) was conducted. For the predomi-
nantly diploid provenances, pairwise genetic distances be-
tween individuals were calculated from both phenotype (when
scored as dominant markers) and genotype (when scored as
co-dominant markers) in separate analyses, polyploid individ-
uals being excluded from the analysis. In the predominatly
polyploid provenance Ngane, the AMOVA was only per-
formed on polyploid individuals using only binary data.
Differentiation among family within each population was
calculated based on both co-dominant and binary data accord-
ing to the formula:
where VWF and VAF are the estimates of variance in genetic
distances between trees within and among families within
each provenance, respectively.
The mating system of the predominantly diploid prove-
nances (Diamenar, Kidira, and Daiba) was estimated based
on genotypes of diploid individuals (ignoring the relatively
few polyploids).
The multilocus mixed-mating model of Ritland (2002) as
implemented in MLTR (version 3.2, 2008) was applied to
estimate the mating system. The following mating system
parameters were calculated: (i) multilocus outcrossing rates
(tm); (ii) single-locus outcrossing rates (ts); (iii) the difference
between multilocus and single-locus estimates of outcrossing
(tm–ts), which characterizes the level of biparental inbreeding
(Ritland 2002), and (iv) the correlation of paternity within
families (rp). We used the Newton-Raphson algorithm for es-
timations as implemented in the MLTR program. Confidence
intervals were obtained using 1000 bootstraps. We assume the
three tested provenances have different pollen clouds as they
originate from different sites in Senegal, and calculations were
therefore performed independently for the three provenances.
Prior to analysis, we removed 18 individuals that did not fit
with the expected mother genotypes. The effective number of
male parents Nep was estimated from rp. A low level of corre-
lation between male gametes within the open-pollinated fam-
ilies—i.e., large estimates of Nep—was considered as a strong
indication of half-sib relationships among trees within
families.
Statistical analysis of growth and yield data
Statistical analyses were performed using the procedure gen-
eral linear model (GLM) with the Satterthwaite option for the
tests as implemented in the statistical software SAS 9.3 (SAS
Institute 2014). The analyses of variance were done in two
steps, where the first step involved a test of the effects of
ploidy level. Growth traits were already shown to be highly
dependent on the ploidy level (Diallo et al. 2015, unpub-
lished). Therefore, the general linear model (1) was applied:
Y ijkl ¼ μ þ Pi þ f Pð Þi j þ V Pð Þik þ Bl þ eijkl ð1Þ
where Yijkl is the value of the phenotypic trait (gum yield,
carbon, and nitrogen content), μ is the grand mean, Pi is the
effect of population i, f(P)ij is the random effect of family j
within population i, V(P)ik is the effect of the ploidy level k
within population i, Bl is the effect of block l, and eijkl is the
residual error. Mixed families were also included in the model
80 Page 4 of 13 Tree Genetics & Genomes (2015) 11: 80
ϕAF ¼ VAF= VWF þ VAFð Þ
with each tree assigned to the proper ploidy.
In the second step, the analysis of growth and yield was
made separately for diploid and polyploid trees (classified
based on SSR banding pattern), because the molecular analy-
sis identified these groups as genetically distinct (as presented
in results below). The following linear model (2) was applied
to test the provenance and family effects and—in the case of
diploid families—to estimate variance components.
Y i jk ¼ μ þ Pi þ f Pð Þi j þ Bk þ ei jk ð2Þ
In this model, families withmixed-ploidywere divided into
sub-families according to the ploidy level allowing the assess-
ment of performance of diploid and polyploid individuals
within sub-families.
Phenotypic correlation coefficients between growth param-
eters and yield components were estimated as Pearson’s cor-
relation coefficients using SAS.
For gum color classes, a Fisher’s exact test (Sokal and
Rohlf 1981) was conducted as implemented in SAS to test
whether gum color was independent of provenances, families,
or levels of ploidy.
Estimation of genetic parameters
We estimated variance components and genetic parameters for
diploid families in the progeny trial as regards gum yield
(2012 and 2013) and growth traits using ASReml software
version 3 (Gilmour et al. 2009) based on the general linear
model (2). As presented in the results below, it was reasonable
to assume that the diploid families were half sibs based on the
mating system analysis.
The estimate of narrow-sense heritability (ĥ2ns) for each
trait was calculated as the proportion of genetic variance over
the total phenotypic variance (Falconer and Mackay 1996):
h^2ns ¼ σ2A= σ2A þ σ2e
  ð3Þ
where σ2A is the estimated additive genetic variance and σ
2
e is
the estimated error variance. In the case of half-sib families,
the additive genetic variance is estimated as 4×σ2family (vari-
ance among the families) (Falconer and MacKay 1996). The
standard errors of the narrow-sense heritability were estimated
using ASReml software. The assumption of true half-sib rela-
tionship among offspring within families is crucial because
genetic parameters are estimated from co-variances between
relatives and the results are therefore highly sensitive to cor-
rect assumption on relationship (Borralho 1994). We also cal-
culated the additive genetic co-efficient as the square root of
σ2A divided by the average mean of each quantitative trait to
obtain a relative measure of quantitative genetic variation as
suggested by Houle (1992). The joint estimate of genetic pa-
rameters was made across all provenances assuming the same
level of additive genetic variation in all provenances. This
assumption was supported by the molecular analysis that re-
vealed the same level of genetic diversity (expected heterozy-
gosity) among diploid individuals in the tested population
(data not shown).
The genetic correlation of gum yield with growth traits
such as diameter, crown, and height is important for indirect
selection and prediction of correlated response (genetic gain).
However, it was not possible to obtain reasonably precise
estimates of genetic correlations in ASReml due to a limited
sample size, but phenotypic correlation coefficients (rp) be-
tween traits were estimated at individual tree basis within the
diploid and polyploid group.
Results
Relationship among siblings
The three mainly diploid provenances (Daiba, Diamenar,
and Kidira) all had high multilocus outcrossing rates (tm
between 0.91 and 0.99; Table 1) that were not signifi-
cantly different from 1. The single-locus outcrossing
rate (ts) followed the trend of the multilocus estimate
with the lowest value in Daiba (ts=0.86). The estimated
rate of biparental inbreeding (tm–ts) was close to signif-
icant only in one provenance, Daiba (0.054±0.027),
suggesting that there could be a low rate of mating
among relatives in this provenance. The estimated cor-
relation between pollen gametes within families was low
for the diploid provenances (rp <0.05; Table 1). In
Daiba, the rp was estimated to 0.005 (0.056) corre-
sponding to a very high number of effective pollen do-
nors (Nep ∼200) while Nep in Diamenar and Kidira was
estimated to be ∼63 and ∼27, respectively. These results
suggest that the studied diploid trees were outcrossed
and pollinated by multiple pollen donors. Therefore,
diploid trees within families could be assumed to be
predominantly half sibs.
In the diploid provenances, the AMOVA based on binary
data (microsatellite phenotype data) showed that the highest
fraction of variation was due to within-family differences
(87 %) as expected in half-sib families with the remaining
fraction (13 %) due to variation among families (Table 2).
When microsatellite genotypic data were used, the latter frac-
tion was 15 %.
In the polyploids of the Ngane provenance, the observed
variation within family was much lower than in diploids, only
59 % with the remaining 41 % found among families. This
suggests that individuals within polyploid families are much
closer related than individuals within diploid families, not
supporting that these families mainly consist of half sibs.
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Population differentiation in relation to ploidy levels
The PCoA of all 617 individuals in the progeny trial separated
polyploid trees from diploid trees along axis 1 that explains
25 % of the variation (Fig. 1). The only exception is the poly-
ploid individuals from the Daiba provenance that clustered
together with the group of diploid individuals from the four
provenances.
The differentiation among family within each provenance
ranged from 0.1 to 0.2 in diploids while differentiation among
polyploid families was two times higher (∅AF=0.41,
P<0.001; Table 2).
Growth, gum yield, and gum properties
A strong effect of ploidy was already observed for growth
traits in provenances with both ploidy levels by Diallo et al.
(2015, unpublished). However, gum yield was not significant-
ly different between ploidy levels based on the comparison of
families of different ploidy level within provenances (P<0.34)
as well as mixed-ploidy families (results not shown).
In the analysis restricted to diploid families, provenances
and families were significantly different for height and diam-
eter growth but not for crown diameter (Table 3). When the
analysis was restricted to polyploid families, diameter and
crown diameter were significantly different between families,
while provenance effects were significant only for height and
crown diameter. A strong effect of block on growth traits was
noted for both diploid and polyploid families (Table 3) indi-
cating the importance of micro-variation in growth conditions.
The analysis of carbon content in gum from the diploid and
polyploid families did not show any significant variation
among provenances and families, but polyploid families dif-
fered significantly in their nitrogen content (Table 3).
Based on theMunsell Soil Color chart, four different colors
were observed: strong brown, reddish yellow, brownish, and
very pale brown. Variation in gum coloration was not attrib-
uted to provenances and family in diploids. In contrast, gum
Table 1 Mating system
parameters in diploid
provenances of Acacia senegal
based on eight microsatellite loci
Provenance N family N progeny tm ts tm–ts rp
Daiba 15 117 0.91 (0.047) 0.856 (0.043) 0.054 (0.027) 0.005 (0.056)
Diamenar 15 174 0.986 (0.051) 0.968 (0.021) 0.018 (0.040) 0.016 (0.012)
Kidira 15 95 0.981 (0.057) 0.932 (0.037) 0.048 (0.050) 0.039 (0.078)
Numbers in parentheses indicate standard errors (S.E.)
Table 2 Analysis of molecular
variance showing the distribution
of the variation within and among
families of diploid and polyploid
Acacia senegal based on the
phenotype (binary microsatellite
data) and genotype (co-dominant
microsatellite data) with 9999
permutations
Source of variation df SS MS Est. var. Percenta ∅AF
Phenotype
Diploid
Diamenar Among family 14 150.818 10.773 0.510 11 0.105**
Within family 175 759.840 4.342 4.342 89
Daiba Among family 14 123.959 8.854 0.651 15 0.151*
Within family 106 388.603 3.666 3.666 85
Kidira Among family 13 103.754 7.981 0.533 11 0.115**
Within family 89 365.877 4.111 4.111 89
Polyploid
Ngane Among family 12 191.221 15.935 1.380 41 0.410*
Within family 119 236.794 1.990 1.990 59
Genotype
Diamenar Among family 14 162.769 11.626 0.620 14 0.140**
Within family 175 666.042 3.806 3.806 86
Daiba Among family 14 131.612 9.401 0.746 18 0.177**
Within family 106 367.322 3.465 3.465 82
Kidira Among family 13 96.688 7.438 0.560 14 0.143**
Within family 89 299.836 3.369 3.369 86
df degree of freedom, SS sum of square, MS mean square, Est. var. estimate of variance, ϕAF differentiation
among family within provenance
*P<0.001; **P<0.000
a Percentage of total variation
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color variation was significantly different among polyploid
provenances and families (Table 3).
Gum yields in 2012 and 2013 were highly dependent on
provenances in the diploid families, while in the polyploid
families a significant effect of provenance was only observed
in 2012 (Table 3). Diploid families differed substantially and
significantly in gum production only in 2013 whereas poly-
ploid families were significantly different in both 2012 and
2013. However, the average gum production showed a highly
significant effect of provenance and family for both diploids
and polyploids (Table 3).
Even though ploidy level had no effect on gum yield, it is
important to note that effect of provenances was to a large
degree confounded with the ploidy level (Diallo et al. 2015,
unpublished).
Genetic parameters
The genetic parameters were estimated with low precision as
indicated by the standard error of narrow-sense heritability
(Table 4), probably due to the small sample size of 47 diploid
families with a total of 423 trees. Heritability estimates of
growth and gum yield were relatively high, but heritability
estimates for growth traits were in general lower than those
for gum yield (Table 4).
The genetic variation of gum yield in 2013 and of yield
average across the two years were relatively high as reflected
by CVA values of 48 and 32 %, respectively.
Variation in gum production
The distribution of average gum yield in the progeny trial
revealed large provenance-to-provenance variation (Fig. 2)
and between family variation for both diploids and polyploids
(Fig. 3). In diploids, the maximum mean was achieved in the
Diamenar provenance with 301 g tree−1 while the lowest gum
yield average was recorded in the Daiba provenance with
165 g tree−1 (Fig. 2). Regarding polyploids, average gum yield
was significantly different between provenances with the
highest yield obtained from the Ngane provenance with
227 g tree−1 whereas the lowest performance was observed
in the Kidira provenance (87 g tree−1) (Fig. 2).
In general, there are no clear signs of a consistent effect of
ploidy level on gum production (Fig. 2). In the Ngane and
Daiba provenances, polyploid individuals tend to produce
more gum than their diploid relatives (45 and 27 %, respec-
tively) while the diploid individual trees performed better than
Fig. 1 Principal cordinate
analysis (PCoA) of 617 diploid
and polyploid progenies of
Acacia senegal from the four
provenances Daiba, Diamenar,
Kidira and Ngane based on
microsatelitte data. D diploid, P
Polyploid
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the polyploid individual trees in the Kidira provenance
(Fig. 2).
Among families, the highest performances were recorded
in families K14 (diploid) and NG21 (polyploid) with average
yields of 867 and 423 g tree−1, respectively.
Phenotypic correlations between growth traits and gum
yield in diploids and polyploids
Phenotypic correlations between growth traits and gum yield
were in general moderate for both ploidy levels (Table 5). The
results revealed highly significant positive correlation coeffi-
cients between growth traits (height, diameter and crown diam-
eter) and moderate correlation coefficients of growth traits with
average gum yield in diploids (Table 5), while only crown aver-
age was significantly correlated with average gum yield in poly-
ploids. The correlation between gum yield in 2012 and 2013was
strong for both diploids and polyploids (rp=0.76 and rp=0.62).
Discussion
Mating system in diploids and sibling relationship
in polyploid A. senegal
The present study is the first to present estimates of sibling
relationship in A. senegal based on molecular markers. We
find that diploid trees have outcrossing rates that are not sig-
nificantly different from 1 (tm=0.98±0.05) and with low cor-
relation between pollen donors within families supporting that
progeny within families are half sibs. These results are in line
with a previous investigation on the reproductive biology of
the species based on controlled crosses in Senegal (Diallo
1994). By comparing fruit production between cross-
pollinated and self-pollinated flowers, the author reported that
cross-pollinated flowers gave higher fruit production, thus
speaking in favor of a system promoting outcrossing.
Another study on pollination biology of the species in India
showed that no fruits developed from manually selfed flowers
(Tandon and Shivanna 2001) confirming that diploid
A. senegal, as many other predominantly bee pollinated
Acacia species, is self-incompatible (Kenrick and Knox
1985).
We could not estimate the outcrossing rate of polyploid
families as the allelic patterns of each locus did not fit with
classic Mendelian segregation. However, the AMOVA
showed that for open-pollinated polyploid families, a lower
part of the molecular variation was distributed within families
compared with the diploid families. This suggests that indi-
viduals within open-pollinated polyploid families are closer
related than half sibs and therefore involve full-sib relation-
ships (perhaps even self-pollinations) and/or even clones
formed by apomixis. This result is in agreement with findings
of Griffin et al. (2012) who reported a change in breeding
Table 3 F tests for testing the
significance of difference of
growth and gum quality and yield
over 2 years among and within
provenances of each level of
ploidy in Acacia senegal
Traits Provenance Family within provenance Block
F P>F F P>F F P>F
Diploid
Height (m) 3.99 0.008 1.54 0.01 6.43 <0.0001
Diameter (cm) 3.74 0.01 1.53 0.02 2.01 0.002
Crown average (m) 1.58 0.19 1.08 0.34 2.50 <0.0001
Gum nitrogen content (%) 1.37 0.29 0.72 0.72 0.64 0.81
Gum carbon content (%) 0.54 0.66 0.42 0.93 0.44 0.94
Gum color – 0.82 – 0.18 – 0.40
Gum yield in 2012 (g tree−1) 4.58 0.004 1.29 0.13 1.19 0.24
Gum yield in 2013 (g tree−1) 8.65 0.0003 2.36 <0.0001 1.12 0.31
Average gum yield (g tree−1) 7.69 0.0006 1.85 0.003 1.29 0.16
Polyploid
Height (m) 3.51 0.017 1.35 0.17 4.65 <0.0001
Diameter (cm) 2.31 0.08 2.43 0.001 2.21 0.002
Crown average (m) 2.7 0.05 1.78 0.02 2.29 0.001
Gum nitrogen content (%) 8.75 0.04 12.31 0.02 5.13 0.06
Gum carbon content (%) 3.06 0.16 1.14 0.45 3.42 0.12
Gum color – 0.007 – 0.04 – 0.57
Gum yield in 2012 (g tree−1) 3.38 0.04 1.90 0.03 2.51 0.0009
Gum yield in 2013 (g tree−1) 1.47 0.24 1.87 0.03 1.69 0.04
Average gum yield (g tree−1) 3.32 0.04 2.27 0.006 2.74 0.0003
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system between diploid and neo-autotetraploid A. mangium
trees where diploids were outcrossing while the neo-
autotetraploids were predominantly selfings.
The pattern observed in the PCoA coupled with the occur-
rence of very few triploids as reported by Diallo et al. (2015,
unpublished), suggests that gene flow is relatively limited be-
tween diploids and polyploids, as individuals in general clus-
ter relative to ploidy level rather than to geographic origin.
Only exception is trees from the Daiba provenance where
polyploids grouped together with diploid A. senegal. A few
other polyploid individuals were also found among the diploid
provenances. We speculate that only limited gene flow may
occur between polyploids and diploids. Polyploids from the
Ngane provenance appeared to be genetically isolated from
diploids, which may suggest the presence of reproductive bar-
riers between ploidy levels at least at some sites. The presence
of reproductive barriers is supported by the clear differences in
the partitioning of molecular variance within and among fam-
ilies between the two levels of ploidy, which may reflect
mating differences as described above. Reproduction with on-
ly few male donors and perhaps even self-pollinations and
apomixes as suggested for polyploid Ngane is in line with
the general observation of selfing and apomixis often being
associated with polyploidy (Hörandl 2010). Polyploids are
reported to exhibit higher rates of self-fertilization than related
diploid species and 99 % of the known apomictic plants are
reported to be polyploids (Thompson and Ritland 2006). As
newly formed polyploids in the beginning will represent mi-
nority cytotypes in the nature, uniparental mating provided by
self-fertilization and apomixis is likely to increase the ability
of newly formed polyploids to establish in an environment
mainly represented by diploid plants (Husband 2000) and per-
sist because backcrossing with the parental diploid species
often results in sterile progeny (Stebbins 1971; Grant 1981).
In addition, Stone (2002) reported that the transition from
diploidy to polyploidy may be accompanied by a mating shift
towards more selfing, through breakdowns in the self-
incompatibility system. This has been reported in allotetra-
ploid Tragopogon (Asteraceae) (Cook and Soltis 2000) where
higher selfing rate was observed in tetraploids compared with
diploids. Controlled crosses between diploid and polyploid
trees would help to settle how well polyploid and diploid
individuals of A. senegal are reproductively isolated from
each other.
Genetic improvement of A. senegal
In genetic improvement, it is essential to estimate heritability
and phenotypic variability for different traits to make success-
ful decisions in breeding strategies. Earlier efforts regarding
genetic improvement of African species have resulted in es-
tablishment of provenance trials and studies of germplasm
using molecular markers, but studies on heritability estimates
for gum production and fruit traits for major Sahelian tree
species are basically absent (Ræbild et al. 2011). The present
Table 4 Genetic parameter estimates of growth and gum traits for the half sib families in diploid individuals of Acacia senegal
Traits VA ĥ2ns SE (ĥ2ns) Lsmeans diploid Lsmeans polyploid CVA (%)
Height (m) 0.05 0.21 0.15 4.53 (0.06) 4.89 (0.14) 5.0
Diameter (cm) 0.61 0.22 0.14 11.71 (0.22) 14.37 (0.51) 6.8
Crown (m) 8.32E−07 0 0 5.43 (0.08) 5.77 (0.18) 0.02
Gum nitrogen content (%) 2.86E−10 0 0 0.39 (0.01) 0.34 (0.02) 0.004
Gum carbon content (%) 5.80E−08 0 0 39 (0.73) 38 (1.11) 0.06
Yield in 2012 (g tree−1) 948 0.06 0.17 264 (22) 321 (49) 12
Yield in 2013 (g tree−1) 8216 0.73 0.27 189 (17) 216 (38) 48
Yield average (g tree−1) 4377 0.38 0.22 227 (18) 269 (40) 32
Average performance (least square means) for both diploid and polyploid trees are provided for reference. Least square means (Lsmeans) of non-
transformed data and standard errors (SE) are given for the two ploidy levels
VA the additive genetic variance, ĥ2 ns the narrow-sense heritability, SE (ĥ2 ns) the standard errors of the heritability estimate, CVA the coefficient of
additive genetic variance
Fig. 2 Least square mean estimates of gum yield per tree for different
ploidy levels within provenances of Acacia senegal. Standard errors
shown with bars
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study is the first study that presents heritability estimates in
A. senegal based on field testing where the relationship as-
sumptions are tested by use of molecular data, and we found
large genetic variations within and among provenances sug-
gesting the possibility of improving gum production. The
narrow-sense heritability of 0.38 for average gum yield in
diploids thus suggests that gum yield is under moderate ge-
netic control, and the high coefficient of additive genetic var-
iation (CVA) suggests that a reasonably high genetic gain can
be obtained from selection.
The finding of a genetic control of gum production is con-
sistent with results by De Gonçalves et al. (2005) who report-
ed a strong genetic control of rubber yield in Hevea
brasiliensis.
In our study, it is interesting that the majority of the best
families belong to the Diamenar provenance, which is close
to the location of the test site (progeny trial). Survival rate of
the Diamenar provenance was also higher compared with other
provenances (Diallo et al. 2015, unpublished). Still, since the
study does not include reciprocal testing, we can only speculate
if this is an indication of genotype by environment interaction.
The average family mean for gum yield in our study ranged
from 51 to 869 g tree−1 for diploids and from 103 to 423 g
tree−1 for polyploids, i.e., a large variability. Even though the
accuracy of the heritability estimates for yield average was
low (ĥ2ns=0.38±0.22) due to the limited sample size, it was
possible to identify families and individual trees with high
gum yield based on the average performance of both assess-
ment years. Within these families are individuals that pro-
duced substantially above the average of 250 g tree−1/year as
reported by Wekesa et al. (2009) and can be used as effective
parents for the next-generation breeding.
We found that nitrogen content in the gum arabic differed
between provenances and families in polyploids whereas car-
bon content seemed less affected by provenances, families, or
ploidy level. On average, nitrogen content obtained in this
study was 0.34 % in polyploids and 0.39 % in diploids.
Previous studies have reported that the quality of the gum
arabic could be affected by either the provenance, edaphic
conditions, and climatic factors (Chikamai and Odera 2002)
and vary between the varieties (senegal, kerensis, rostrata,
and leiorhachis) (Lelon et al. 2010).
The low and moderate phenotypic correlation between
gum yield and growth traits observed in our study implies that
gum yield is only weakly dependent on the size of the tree.
These results are in line with results of a previous study on the
different varieties of the species in Kenya where no effect of
tree size on gum yield was observed among varieties (senegal,
kerensis, and leiorrhachis) (Wekesa et al. 2009). Gum produc-
tion has for a long time been considered as physiological
response to dryness and appeared to be negatively correlated
with water storage in the soil as gum arabic is only produced
Fig. 3 Average performance in
gum production per tree in 2012
and 2013 in diploid and polyploid
families of Acacia senegal
Table 5 Phenotypic correlation estimates between growth traits and gum yield in diploid (lower triangle) and polyploid (upper triangle) of Acacia
senegal obtained using Person’s correlation estimates
Trait Height in 2012 Gum yield in 2012 Gum yield in 2013 Average gum yield Crown diameter Diameter
Height in 2012 0.02 −0.03 0.00 0.44*** 0.40***
Gum yield in 2012 0.25*** 0.62*** 0.93*** 0.30** 0.17
Gum yield in 2013 0.21** 0.76*** 0.86*** 0.18 0.05
Average gum yield 0.25*** 0.95*** 0.93*** 0.28* 0.13
Crown diameter 0.59*** 0.31*** 0.28*** 0.32*** 0.72***
Diameter 0.61*** 0.28*** 0.27*** 0.29*** 0.69***
*P<0.05; **P<0.01; ***P<0.001
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during the dry seasons when the trees are shedding leaves in
contrast with the rainy season (Vassal and Dione 1993;
Anderson 1995; Wekesa et al. 2009). Authors also reported
that the species when grown in areas with more precipitation
does not produce gum even in the dry season. Recently, Gray
et al. (2013) reported that provenances of A. senegal that
yielded more gum had low water use efficiency (WUE).
This suggests that low WUE is actually associated to in-
creased gum production. However, it will have to be tested
whether trees with low WUE are prone to higher mortality
under extreme and dry conditions.
The relatively high yield correlations across years (76% for
diploids and 62 % for polyploids) indicate that a breeding
program may be based on only one year of yield assessment.
However, we still recommend that the gum production should
be assessed for more than 2 years to estimate the breeding
potential because the correlations are substantially below 1,
and because the correlation in the present study was only
estimated between two consecutive years. Preliminary results
from Burkina Faso have indicated a low correlation between
years (Lompo et al., personal communication), and the ob-
served huge year-to-year variation in heritability between
2012 and 2013 also points towards the need of assessing av-
erage gum yield across some years.
The present study did not allow us to study genotype by
environment interactions. Field trials at environmentally dif-
ferent sites are needed in order to guide whether breeding
programs should be divided into multiple zones, and if so
guided by which environmental parameters. An interesting
option will be establishment of multiple Breeding Seed
Orchard (BSO) as part of continued breeding programs as,
e.g., discussed by Dhakal et al. (2005) or clonal seed orchard
for both high yielding diploid and polyploid individuals. In
the case that polyploids are apomictic, the clonal propagation
of superior genotypes could be made through seed.
Conclusion
This study stresses the importance of using DNA markers in
assessing the mating system and the relationship within and
among families as part of the estimation of quantitative genetic
parameters to support breeding activities in A. senegal. We
found that diploid and polyploid families differed significantly
in their likely sibling relationship within open-pollinated fami-
lies. We observed large genetic variation for growth traits and
gum yield between provenances and among diploid and poly-
ploid families. For gum quality, differences were only observed
within polyploid provenances and families. The genetic coeffi-
cient of variation for gum yield was found to be high, which
indicates that selection of the next generation’s trees for gum
yield is possible. We recommend that the gum production
should be measured over multiple years to verify and quantify
the observed huge year-to-year variation in heritability and ge-
netic coefficient of variation and also to test genotype by cli-
mate interactions. Also, more field trials will be required to
increase knowledge about genotype by environment interac-
tions. Unfortunately, no estimates of genetic correlations were
obtained from this study because of the fairly low sample size.
Our results report large variation at provenance, family, and
individual levels in gum production. The presence of genetic
control in gum production implies that improvement of gum
production and gum export in Senegal and in Africa could be
based on both family and individual selection. This material
could be further used for future forest restoration programs.
Further studies with sufficient number of families and individ-
uals will strengthen the accuracy of our heritability estimates
and allow estimates of genetic correlation between traits.
In polyploids, more attention should be given to the fact that
the offspring families seem not to be half sibs. In cases of
clones, estimates of genetic parameters will be straightforward
as broad sense heritability will be the relevant parameter and
easily estimated from the variation between genotypes (clones).
In the case of full sibs, the estimation is more complicated since
dominance variance and the type of inheritance involved (i.e.,
disomic or tetrasomic inheritance) will influence the estimates,
and offspring from open pollinations can therefore not provide
sufficient information. Further studies are therefore needed for
determination of the mating system involved in polyploids.
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Appendix
Table 6 Differences in frequency of polyploids and diploids of Acacia
senegal in the progeny trial
Provenances Ngane Daiba Diamenar Kidira
No. diploid families 2 10 12 10
No. of polyploid families 6 – – –
No. of mixed families 7 5 3 5
No. of diploid individuals 28 132 178 101
No. of polyploid individuals 136 14 3 16
Percentage of polyploid
individuals (%)
83 10 2 14
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